ABSTRACT Measurements of micro/nano dynamic force transducers (DFTs) in the micro-Newton range are of significant importance in many fields. In this paper, the electrostatic force in the micro-Newton range was used to generate dynamic force to calibrate the DFT, which is traceable to the International System of Units (SI). The relationship between the force input and voltage output of a DFT was investigated. The performance of DFT, such as resolution and reproducibility had been tested by the proposed method. The uncertainties, such as eccentric loading position, electrostatic force, output voltage measurement, and stiffness measurement, were estimated. The results showed that relative standard uncertainty in the determination of the calibration of the transducer was approximately 2.2%. This showed that the proposed system was very stable and repeatable.
I. INTRODUCTION
Measurements of micro/nano dynamic force [1] - [11] are of high importance in many fields, such as precision instruments, microelectromechanical system [1] , [2] , biology [12] , [13] , and tribological properties of materials [14] - [17] . In the field of robotics, there is a strong need to measure and control the step force in the typical motion of holding an object [1] . In nature, geckos can run rapidly on walls and ceilings by alternating foot attachment and detachment. The rapid switching between the attachment and detachment force on gecko foot has not been measured, yet it is very important to understand the mechanism of the switching [2] . DFTs, which must be calibrated, are feasible to measure these dynamic forces.
Much work has been done on the calibration of DFTs to meet the requirements of academia and industry [18] - [21] . The calibration of dynamic force transducers was pioneered by Vlajic [12] and [13] , Fujii [3] - [5] and Kumme [6] . Nicholas Vlajic SI-traceably calibrated an impact hammer, by using a mass suspended from a thin line which is cut to produce a known dynamic force. Kumme proposed and developed a method in which both the mass and the transducer were shaken at a single frequency, and the inertial force
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of the mass was applied to the transducer. This method could be used for the dynamic investigation of multi-component force-moment sensors. Fujii proposed a method for evaluating the dynamic response of force transducers to a step force, about 1 kN, in which gravitational and inertial forces were used as references.
In this paper, electrostatic force was used to generate dynamic force to calibrate the DFT, such as Polyvinylidene Fluoride (PVDF). Dynamic force transducer calibration system based on electrostatic force [7] - [11] (DFCE) was designed to investigate the relationship between the force input and voltage output of DFTs. The experimental results for calibration are reported. In addition, the uncertainty of this calibration method has been estimated.
II. EXPERIMENTAL METHOD A. EXPERIMENTAL SET-UP
A DFT, PVDF (LDT0-028K), was used to test the performance of the proposed method as shown in Fig. 1(A) . The charge was generated by deformation of the PVDF. The transducer is connected to a charge amplifier (YE5852B). The charge was used as input for the charge amplifier and was converted to voltage proportional to the deformation of the PVDF. The voltage was sampled by a data sampling device (NI USB-4431). A micro/nano force measurement system was susceptible to environmental disturbances, especially temperature change, ground vibrancy and air current. Hence, the device was housed in a glass chamber to reduce air disturbance.
A pair of capacitors was used to generate electrostatic force, as shown in Fig. 1(B) . The inner electrode was fixed at the end of the spring [22] - [24] , and the outer electrode was fixed at the frame. The electrostatic force, F e , was proportional to the applied voltage across the capacitors [7] - [11] , as shown in Eq. (1):
where U e is the applied voltage, and dC/dz is the capacitance gradient. The electrostatic force was calibrated by the standard weights (1, 2, 5, 10, 20, and 50 mg). These weights are loaded in order to test the performance of the electrostatic force system. The test DFT is in contact with the spring as shown in Fig. 1(B) . The input force for the DFT was generated with the sudden decreasing of the electrostatic force by reducing U e to 0 V. The input step force F i was a function of the stiffness of the spring, k h , and the stiffness of the DFT, k d :
DFT could be calibrated by the voltage output, U , and F i .
B. CALIBRATION PROCEDURE
When performing the calibration based on electrostatic force, the recommended procedure was as follows: Step 1: Calibrate the stiffness of the flexible hinge and DFT by an electrostatic force and displacement measurements through a series of set forces, which was similar to the method in Ref. [22] - [24] .
Step 2: Move DFT to contact with the button tip attached to the hinge by a highly accurate stage. Observe the amplitude of vibration with a laser interferometer to check whether the DFT and load button tip remain in contact or not.
Step 3: The preload is generated by electrostatic force by increasing the voltage from 0 V to U e as shown in Fig. 2(A) . U e was set from 100 V to 800 V at 100 V increments by voltage source (Keithley 2410c).
Step 4: After 10 s, U e is decreased to 0 V suddenly to generate a step signal as the input for the DFT as shown in Fig. 2(B) . The flexible hinge and the DFT departed from each other to make sure no mutual influence occurs during calibration. In this period, the voltage output of DFT was sampled with a sampling frequency of 1 MHz, and the sampling lasted for 15 ms.
Step 5: Repeat step 3 for other voltages if the calibration was not completed.
Step 6: Repeat step 1 to reduce the effect of any creep of the DFT or flexible hinge.
III. EXPERIMENTAL RESULTS

A. STIFFNESS TEST
The applied force has a linear relationship with displacement as shown in Fig. 3 . The force-displacement data were fitted using a least squares straight line. The stiffness of the hinge alone, k h , was determined as 19.66 N/m by a least-squares fit of the data. The stiffness contact with the DFT, k hd , was determined as 38.38 N/m. The stiffness of the DFT, k d , was determined by The stiffness of the DFT k d = 18.72 N/m was determined by an average of eight slopes obtained from linear fits of data for displacement versus force.
B. THE CALIBRATION RESULTS OF DFT
The voltage output of DFT was obtained with amplification of 100 under different electrostatic forces according to the procedure mentioned in part II.B. A high speed camera (Photron AX200-M1) with a 50,000 fps was used to check whether the electrostatic force was applied to the DFT adequately and load button was being pulled away at a much faster rate than the DFT. The images showed that the DFT did not contact with the load button after releasing the voltage. The results showed that the dynamic response of the spring represented the impulse response of the device, not proportional to the load button being pulled away.
The voltage output of DFT was obtained with amplification of 100 under different electrostatic forces according to the procedure of II.B. As shown in Fig. 4 , the peak height of voltage output increases from 0.14 V to 5.5 V with the increase of electrostatic force from 0.0210 µN to 134.22 µN. The statistical variation in the noise (1σ ) was approximately 20 mV (see inset), indicating a voltage peak signal to noise ratio (defined here as the ratio of the peak height to the standard deviation of the noise) of approximately 275 to 1. The peak height of voltage output of the DFT and force are shown in Fig. 5 .
According to existing research [18] , [19] , the nonlinear property occurred for a large input force (134.22 µN). The relationship between voltage and force is fitted with a power model as shown in Table 1 . An accurate fitting implies that the voltage-force curve of the DFT had acceptable power properties, and the calibration set-up was valid.
C. THE INERTIAL CORRECTION WHICH ACCOUNTS FOR THE MASS OF THE SPRING
The input force could be corrected by overshoot σ %
The inertial correction which accounts for the mass of the spring could be estimated as:
where ξ = 0.85 is the damping ratio, which could be obtained by an impulse input. σ % was estimated as 0.6%. The uncertainty comes from inertial correction could be neglected. 
D. RESOLUTION TEST
The resolution of the DFT is characterised by measuring the noise from the voltage output. In this way, the noise from the environment and electronics are accounted for. The scatter of voltage output and force of the DFT without load with amplification 1, 10, and 100 are shown in Fig. 6 . Repeating the described procedure for 20 ms with a sample rate of 1000 Hz, the standard deviation was 20 nN, which determined the dispersion in the twenty measurements. Hence, the resolution of the DFT was approximately 20 nN. The noise appears to be very structured, around 500 Hz plus harmonics. In the next step, seeking the disturbance would be our future work to reduce the amplitude of harmonics.
E. REPRODUCIBILITY TEST
To check the reproducibility of DFCE, the applied voltage on the electrodes was 100 V and 500 V, and the voltage output of the DFT with an amplification of 10 was measured eight times. The scatters for input force of 52.43 µN and 2.29 µN, respectively, are shown in Fig. 7 . For 52.43 µN input, the mean value voltage output of the DFT was 0.0393 V, where one standard deviation of the eight values was 0.5 mV, and relative standard deviation was 1.4%. Scatters of the voltage output of the DFT were very low, suggesting that the calibration set-up is reproducible.
IV. UNCERTAINTY DISCUSSION
Many factors would affect the measurement results, such as eccentric loading position, electrostatic force, measurement of output voltage, and stiffness measurement.
A. UNCERTAINTY RESULTING FROM ECCENTRIC LOADING POSITION
To reduce the effect of an eccentric loading position of DFT, C off , a microscope with an amplification factor of 10, a highresolution camera, and a load button (radius 6 µm), provided by Bruke, was used. Thus, the uncertainty of the eccentric loading position was estimated at 3 µm. To estimate the effect of C off on the DFT, the effect of C off was simulated by finite element analysis ranging from 0 µm to 10 µm. The result showed that the uncertainty coming from C off was less than 0.1%.
B. UNCERTAINTY OF THE ELECTROSTATIC FORCE
The uncertainty of electrostatic force, u f , came from the capacitance gradient, the voltage, and the displacement.
To reduce the effect of electrostatic force, ultra-precision machining was applied to machine the electrodes, whose dimensional tolerances of radius was 3 µm, and cylindrical form deviations was 1 µm. U e was supplied by a Keithley 2410c voltage source with a maximum permissible error of 0.021 V. By reducing these influences [27], the relative standard uncertainty was 1.3%. 
C. UNCERTAINTY OF STIFFNESS
The uncertainty of stiffness came from the force generator and displacement measurement. For the force generator, the relative standard uncertainty was 1.3%. The displacement measurement was obtained with a laser interferometer RLE 20, whose uncertainty was negligible. The uncertainty of k h was 0.04 N/m [22] - [24] , the relative uncertainty of k h and k d was 0.2% and 0.3%, respectively.
D. UNCERTAINTY OF VOLTAGE MEASUREMENT
The uncertainties of voltage measurement come from the charge amplifier and data acquisition system. NI USB-4431 (24-bit resolution) was used as the data acquisition system, which was calibrated at the China Metrology Institute using a digital multimeter. On the other hand, charge amplifier will result in uncertainty of voltage measurement. According to the data sheet of the charge amplifier, the relative standard uncertainty was less than 1%.
E. THE COMBINED UNCERTAINTY IN SENSOR OUTPUT VOLTAGE
The standard uncertainties and corresponding data were listed in Table 2 . Type A uncertainties were taken as the set standard deviation of voltage output of the DFT under force input for a data run. The stated combined total uncertainty was determined by taking the root sum square of the contributions of individual uncertainty sources to the total uncertainty. The relative standard uncertainty in the determination of the calibration of the transducer was estimated to be 2.2%.
V. SUMMARY
However, to obtain the frequency response characteristic of the PVDF sensor, a sinusoidal force signal with different frequency was needed, while the proposed dynamic force transducer calibration method based on electrostatic force could not offer a sinusoidal force signal for the PVDF sensor. In the next step, we will focus on the frequency response characteristic of the PVDF sensor. 
